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ABSTRACT
The magnetospheric locations of pulsar radio emission region are not well known. The actual
form of the so-called radius-to-frequency mapping should be reﬂected in the aberration–
retardation (A/R) effects that shift and/or delay the photons depending on the emission height
in the magnetosphere. Recent studies suggest that in a handful of pulsars the A/R effect can be
discernedwithrespecttothepeakofthecentralcoreemissionregion.Toverifytheseeffectsin
an ensemble of pulsars, we launched a project analysing multifrequency total intensity pulsar
proﬁles obtained from the new observations from the Giant Meterwave Radio Telescope
(GMRT), Arecibo Observatory (AO) and archival European Pulsar Network (EPN) data. For
all these proﬁles, we measure the shift of the outer cone components with respect to the core
component,whichisnecessaryforestablishingtheA/Reffect.Withinoursampleof23pulsars,
seven show the A/R effects, 12 of them (doubtful cases) show a tendency towards this effect,
while the remaining four are obvious counterexamples. The counterexamples and doubtful
cases may arise from uncertainties in the determination of the location of the meridional plane
and/orthecoreemissioncomponent.Hence,itappearsthattheA/Reffectsarelikelytooperate
in most pulsars from our sample. We conclude that in cases where those effects are present
the core emission has to originate below the conal emission region.
Key words: radiation mechanism: non-thermal-methods: data analysis – stars: neutron –
pulsars: general.
1 INTRODUCTION
Aberration and retardation effects (A/R) can be observed in a pul-
sar proﬁle as a shift of the position of conal components with
respect to the core component towards earlier longitudinal phases
(see e.g. Malov & Suleimanova 1998; Gangadhara & Gupta 2001,
hereafterG&Ga).Sucheffectsshouldoccurifdifferentcomponents
are emitted at different distances from the pulsar surface (emission
radii), as well as from the pulsar spin axis. Aberration is caused
by bending of radiation beam due to the polar cap rotation, while
retardation is based on a path difference for radiation from different
conal emission regions to reach an observer. If we assume that the
emission from the core component arises relatively close to the star
surface, then it should not be strongly affected by either of the two
above-mentioned effects. This will be our initial assumption.
To determine A/R shifts, the pulsar proﬁle has to meet certain
requirements. It has to be a high-resolution proﬁle with high signal-
to-noise ratio (S/N). The core and the conal components have to
be clearly identiﬁed within the proﬁle. Multifrequency data are rec-
ommended, so one can follow the proﬁle evolution throughout all
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frequencies, which can help to identify different emission compo-
nents.
When values of A/R shifts are determined, then the heights of the
radiation emission region (emission altitudes hereafter) can be cal-
culated(seeG&GaandDyks,Rudak&Harding2004).Itisbelieved
that at different frequencies the emission arises at different heights
above the pulsar surface (Kijak & Gil 1998, 2003; Mitra & Rankin
2002).Theresultsofthisanalysiscanbeusedtoverifytheexistence
of a radius-to-frequency mapping. Hence, all observational limits
for emission altitude can be crucial for understanding the physical
mechanism of generation of pulsar coherent radio emission.
TherelativisticbeamingmodelinitiallyproposedbyBlaskiewicz,
Cordes & Wasserman (1991, hereafter BCW) clearly demonstrated
thatA/Reffectsplayanimportantroleinpulsars.Thisstudywaspri-
marily based on the evidence that followed from the effects of A/R
as seen in the inﬂexion point of the pulsar’s polarization position
angle (PA) traverse, which lags the mid-point of the total inten-
sity proﬁle centre. A similar effect of A/R was reported by G&Ga
and Gupta & Gangadhara (2003, hereafter G&Gb) in a handful of
pulsars where the core emission was seen to lag behind the proﬁle
centre.
In this paper, we have undertaken a careful study to establish the
A/R effect observed by G&Ga and G&Gb for a large sample of
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pulsars observed at multiple frequencies. Most of the data are new
observations from the Giant Meterwave Radio Telescope (GMRT)
andtheAreciboObservatory(AO).Wehavealsousedsomearchival
datafromtheEuropeanPulsarNetwork(EPN)archive.1 InSection2
wediscussvariousmethodsusedtoﬁndemissionheightsinpulsars,
inSection3wediscussvariousfactorsaffectingA/Rmeasurements
inpulsarsandSection4dealswiththeobservationanddataanalysis
methods used in this paper.
As a result of our analysis presented in Section 5, we found that
out of 23 pulsars in our sample seven clearly show the A/R effect,
12 show a clear tendency towards this effect, while the remaining
four are counterexamples. However, as argued in Section 3, all
problematic cases (pulsar proﬁles at all or some frequencies not
showing the A/R effect) can be attributed to a number of effects
like incorrect identiﬁcation of the core component or missing conal
emission. We can conclude that A/R effects are seen to operate in
pulsars, which we discuss in Section 6.
2 GEOMETRY AND EMISSION ALTITUDES
Radio emission heights in pulsars are primarily obtained by two
methods: the geometrical method and heights estimation based on
A/R effects. Here, we brieﬂy mention the essential ingredients of
the methods used, and a detailed discussion of the various methods
used can be found in Mitra & Li (2004).
Radio emission geometry is determined by several parameters:
α – an inclination angle of the magnetic dipole with respect to the
rotation axis, β – the minimum angle between an observer’s line
of sight and magnetic axis (impact angle), ρ – an opening angle of
the radio emission beam, r – a radial distance of the radio emission
region measured from the centre of the neutron star (emission alti-
tude). The opening angle ρ of the pulsar beam corresponding to the
pulse width W is given by
ρ = 2arcsin

sin(α + β)sinα sin2 W
4
+ sin2 β
2

, (1)
where α, β, W and ρ are measured in degrees (Gil, Gronkowski
& Rudnicki 1984). The opening angle ρ is the angle between the
pulsarmagneticaxisandthetangenttomagneticﬁeldlinesatpoints
where the emission corresponding to the apparent pulse width W
originates. For dipolar ﬁeld lines,
ρ = 1. ◦24s(r/10
6 cm)
1/2P
−1/2 (2)
(Gil & Kijak 1993), where s = d/rp is a mapping parameter which
describes the locus of corresponding ﬁeld lines on the polar cap
(s = 0 at the pole and s = 1 at the edge of the polar cap), d is
the distance of the given magnetic open ﬁeld line from the dipolar
magnetic axis (in cm), rp is the polar cap radius (in cm) and P is
the pulsar period in seconds. The radio emission altitude can be
obtained using equation (2):
rgeo   10P

ρ
1. ◦24
2
km. (3)
In this equation, parameter s = 1 is used which corresponds to the
bundle of last open magnetic ﬁeld lines. Kijak & Gil (1997) also
derived a semi-empirical formula for emission height which was
slightly modiﬁed by Kijak & Gil (2003) by using larger number
of pulsars and broadening the frequency coverage in their analysis.
They estimated the emission heights for a number of pulsars at
1 http://www.mpifr-bonn.mpg.de/div/pulsar/data/
several frequencies using the geometrical method (equations 1 and
3) based on the above assumption that the low-intensity pulsar
radiation(correspondingtotheproﬁlewings)isemittedtangentially
to the bundle of the last open dipolar ﬁeld lines. In the method, they
used low-intensity pulse width data at about 0.01 per cent of the
maximum intensity (Kijak & Gil 1997, 2003). The most recent
formula has a form
rKG = (400 ± 80)ν
−0.26±0.09
GHz ˙ P
0.07±0.03
−15 P
0.30±0.05 km, (4)
where νGHz is observing frequency in GHz and ˙ P−15 = ˙ P/10−15
is the period derivative. The formula rKG sets lower and upper
boundaries for emission height values in the statistical sense.
For calculating the emission heights, one can take a different
approach. The A/R effects have been observed in the total inten-
sity proﬁles as discussed by Malov & Suleimanova (1998), G&Ga,
G&Gb and Dyks et al. (2004). In turn, they have been used to cal-
culate radio emission heights. Observationally, the A/R effects are
obtained by measuring the positions of the conal emission com-
ponents and identifying the central core emission component. The
shape of the observed proﬁle depends on the structure of radio
beam, which is thought to be composed of a central core emission
surrounded by nested cones (Rankin 1983; Mitra & Deshpande
1999). The line of sight passing through the central region of this
beam will hence cut the cone emission at the edges including the
central core region. Following this, pulsar proﬁles can be classiﬁed
due tothenumber and typeof visiblecomponents (Rankin1983). If
we assume that in a certain proﬁle the core component and both the
conal components are present, we can deﬁne the phase difference:
 φ =
φt −| φl|
2
, (5)
where φl and φt are phase positions (in degrees) of the peaks of
the leading and trailing components with respect to the core phase
(φc =0◦).FollowingthereﬁnementofG&GabyDyksetal.(2004),
one can estimate the radio emission altitude,2
rAR  −
 φ
2
2π
360◦RLC, (6)
where RLC = cP/2π (where c is speed of light) is the light cylinder
radius. The A/R method has an edge over the geometrical method
since it only depends weakly on the geometrical angles of the star
that are difﬁcult to ﬁnd. Generally, the emission altitudes found
using both these methods are of the order of a few hundred kilo-
metres above the surface of the neutron star. In this paper, we use
equation (6) for estimating emission altitudes following the method
outlined by G&Ga. The various factors affecting the usage of this
method are discussed in Section 3.
3 FACTORS AFFECTING A/R
MEASUREMENTS IN PULSARS
3.1 Location of the meridional point
The crucial aspect for estimating radio emission heights using the
A/R technique is to identify the location of the meridional plane,
2 Recently in a detailed study, Gangadhara (2005) has obtained a revised
expression (their equation 34) for the relativistic phase shift, which depends
ontheanglesα andβ,andthecorrectionsinobtainingemissionheightsturn
outtobeoftheorderof2–10percentfornormalpulsars. Wehave,however,
not used this formula since all the pulsars in our sample are normal pulsars
and, further, the errors in estimating emission heights are often more than
10 per cent.
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i.e. the plane containing the magnetic axis and the pulsar rotation
axis.
Generally, polarization observations have been used to identify
the meridional plane as per the rotating vector model (RVM) pro-
posed by Radhakrishnan & Cooke (1969). According to the RVM,
the variation of the PA of the linear polarization across the pulse
reﬂects the underlying structure of the dipolar magnetic ﬁeld if one
is located on the pulsar frame. In this case, the steepest gradient or
the inﬂexion point of the PA traverse is the point contained in the
meridional plane, and should be coincident with the mid-point of
the pulse proﬁle. However in the observer’s frame, as was pointed
out by BCW and Dyks et al. (2004), the A/R effects cause the PA
inﬂexion point to appear delayed with respect to the mid-point of
the pulse proﬁle. The magnitude of the delay is proportional to the
height of emission from the neutron star surface and inversely pro-
portional to the pulsar period. Hence, in the observer’s plane the
inﬂexion point of the PA traverse is no longer the point containing
the meridional plane, rather the meridional plane lies somewhere
in between the proﬁle mid-point and the inﬂexion point of the PA
traverse.
We use the method employed by G&Ga and G&Gb to ﬁnd emis-
sion heights due to A/R effects using equation (6). If the mid-point
of the outer conal peaks leads the core peak, it would imply that the
conal emission is higher than the core emission and the shift can be
used to ﬁnd emission heights with respect to the core. This argu-
ment,however,assumesthatthemeridionalplanepassesthroughthe
peak of the core emission. While this assumption is not rigorously
veriﬁed, there are few pulsars that have been used to justify this ar-
gument. One such pulsar is PSR B1857−26 (see Fig. 1), where the
peak of the core, the inﬂexion point and the sign-changing circular
are all close to each other (see Mitra & Rankin 2008 for a detailed
discussion). If one assumes that the core emission is curvature radi-
ation that ﬁlls the full polar cap as was suggested by Rankin (1990),
then the meridional plane would lie in the plane containing the in-
ﬂexionpoint,peak of thecore andsign-changing circular. Although
a critical look at PSR B1857−26 reveals that the peak of the core
is delayed by a degree or so with respect to the inﬂexion point (see
Mitra & Rankin 2008). Mitra & Li (2004) have shown that for a few
other pulsars the peak of the core lags the inﬂexion point by about
a degree. The shifts expected due to A/R effects for slow pulsars
are also often small (e.g. for emission altitude of 300 km and a
0.7 s pulsar, the expected shift is of the order of a degree) and is
comparable to core shifts seen with respect to the inﬂexion point.
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Figure1. B1857−26polarizationproﬁle.Theupperpaneloftheplotshows
the intensity (solid line), linear polarization (dotted line) and the circular
polarization (dashed line). The bottom panel shows the PA with error bars.
This proﬁle is an example where the core component, the inﬂection point
and the sign-changing circular are close to each other (see Section 3 for
details).
Hence, it is important to note that to demonstrate the A/R effects as
suggested by G&Ga and G&Gb, the meridional plane should pass
through the peak of the core emission (which is currently not ver-
iﬁed) and the conal emission should be rising higher than the core
emission.
3.2 Identifying the core emission
Identiﬁcationofthecoreemissionisnottrivialinpulsars.Underthe
core-conemodelofpulsarbeaming,thecoreiscentrallylocatedand
surrounded by nested cones. This implies that the core is located
in the centre of a pulse proﬁle, which is very close to the inﬂexion
point of the PA. Since the impact parameter needs to be small to cut
through the core emission region in a pulsar, the corresponding PA
traverse as per the RVM should show a signiﬁcant rotation across
the pulse. Core emission is often associated with a sign-changing
circular polarization and has a steeper spectral index than the conal
emission.
There are situations where several core-like emission charac-
teristics are seen in a pulse component. For example, in Fig. 2
PSR B1831−04 has a bright central component, which is identi-
ﬁed as core emission by Rankin (1993a,b). This component has a
steep spectral index and a sign-changing circular as seen in Gould
& Lyne’s (1998, hereafter GL98) multifrequency polarization pro-
ﬁles. On the other hand, the PA traverse is ﬂat, showing no signif-
icant rotation (except 90◦ jumps) and the proﬁle is extremely wide
(∼150◦). Such emission properties are consistent with the observer
crossing the pulsar emission beam along the conal emission zone
and the observer is likely to miss the core emission. Hence, for
PSR B1831−04, the bright centrally located component can be in-
terpreted as conal emission rather than core emission. Further, there
are situations where the PA below the core emission can deviate
from the RVM model (see Mitra, Rankin & Gupta 2007), and hence
the location of the inﬂexion point is difﬁcult to determine. A careful
examination using multifrequency single pulse polarization data is
hence essential to ﬁnd the location of the core emission. For our
data set, we have used the GL98 polarization data sets wherever
possible to ﬁnd the location of the core emission, which we discuss
intheAppendix.However,incorrectidentiﬁcationofthecorewould
clearly affect the demonstration of the A/R effect.
In several cases, the central emission close to the core is weaker
compared to the outer cones. Methods employed to ﬁnd the peak of
the core (like the Gaussian-ﬁtting scheme discussed in Section 4)
have problems in establishing the location of the core component
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Figure 2. B1831−04 polarization proﬁle (same as in Fig. 1). Although this
pulsar shows the sign change in circular, it has a ﬂat PA and a wide proﬁle.
Hence, it is likely that the central bright emission component is not a core
(see Section 3 for details).
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Figure3. B1859+03polarizationproﬁle(sameasinFig.1).Thispulsarhas
a clear sign-changing circular indicating the location of the core emission.
However, the emission towards the trailing parts of the proﬁle seems to be
missing (see Section 3 for details).
(like PSR B1738−08), and hence cause complication in discerning
the A/R effect.
Subpulse modulation (or drifting) provides another means to
identify core and conal components in pulsars. The conal com-
ponents tend to show subpulse drifting seen as a spectral feature in
phase-resolved ﬂuctuation spectra, while in the core emission this
phenomenon is generally absent (Rankin 1986). It is sometimes
possible that the central component of the pulsar shows drifting
properties, in which case the central component cannot be core
emission. We have veriﬁed our sample pulsars for such drifting
of the central component based on the data set of pulsar sub-
pulse modulation published by Weltevrede, Stappers & Edwards
(2006) and Weltevrede, Edwards & Stappers (2007). Three pulsars
from our sample show central component modulation feature out
of which two pulsars PSR B1508+55 and B1917+00 have a broad
modulation feature, which is consistent with core emission, while
PSR B1944+17 shows clear drifting properties making this pulsar
unsuitable for the A/R analysis.
3.3 Partial cone emission
In several pulsars, only a part of the emission cone is visible and
thesepulsarswereidentiﬁedaspartialconesbyLyne&Manchester
(1988). The PA inﬂexion point in these pulsars lies towards one
edge of the proﬁle. This kind of pulsar, however, poses a problem
for ﬁnding the A/R effect, since estimation of the mid-point of
the total intensity proﬁle is incorrect due to missing emission. One
such example in our sample is perhaps PSR B1859+03 as shown in
Fig.3.ThePAinﬂexionpointcoincides withthepeakofthetrailing
component and has a sign-changing circular, which is suggestive of
core emission; however, there is no emission component seen in the
trailing part of the proﬁle. A single-pulse study by Mitra, Rankin
& Sarala (2008) recently has shown that the missing partial cone
regions occasionally ﬂare up, and these ﬂared proﬁles can be used
to demonstrate the A/R effect.
4 OBSERVATIONS AND DATA ANALYSIS
For our analysis, we selected proﬁles of 28 pulsars from three
sources (see Table 1): GMRT, AO and EPN. The GMRT (Swarup
et al. 1991) operating at metre wavelengths is an array of 30 an-
tennas with alt-az mounts, each of 45-m diameter, spread out over
a 25-km region located 80 km north of Pune, India. It is designed
to operate at multiple frequencies (150, 235, 325, 610 and 1000–
1450MHz,respectively),havingamaximumbandwidthof32MHz
split into upper and lower sidebands of 16 MHz each. It is primarily
anaperturesynthesisinterferometeraswellasaphasedarrayinstru-
ment.TheGMRTobservationsreportedinthispaperaredoneinthe
phased array mode of operation at RF 225 and 325 MHz, respec-
tively, using the upper sideband and a bandwidth of 16 MHz. In the
phased array mode of the GMRT (Gupta et al. 2000; Sirothia 2000),
signalsfromanyselectedsetoftheantennasareaddedtogetherafter
an appropriate delay and phase compensation to synthesize a sin-
gle, larger antenna with a narrower beam. Signals of 16 MHz from
each sideband of each antenna are available across 256 channels,
which can be summed in the GMRT array combiner. The summed
voltage signal output from the phased array is then processed like
any other single dish telescope signal, by the pulsar back end. At
the frequencies of interest here, GMRT has two linearly polarized
outputs for each antenna, which are further mixed in a quadrature
hybrid to produce two circular polarized signals which go further
into the front-end electronics and rest of the signal chain. The raw
signals are ﬁnally post-integrated by the pulsar back end and the
data were recorded with the ﬁnal sampling time of 0.512ms. The
time resolution for all the analysis done in this paper is the pulsar
period divided by the sampling time. All the pulsars were observed
for about 2000 pulse periods to obtain stable pulse proﬁles. The
off-line analysis involved interference rejection, dedispersion and
folding to obtain the average pulse proﬁles.
The AO data set is from observations at the Arecibo Obser-
vatory, carried out between 2001 December and 2002 June. The
pulsars were observed at different frequencies using the following
receivers:430MHz,Lband(1175MHz),Slow(2250MHz),Shigh
(3500 MHz), C band (4850–5000 MHz). The pulsar back end
used most frequently was the Widebrand Arecibo Pulsar Proces-
sor (WAPP), though the Penn State Pulsar Machine (PSPM) was
also used for some of the observations. The bandwidths of the ob-
servations were typically 25/50 MHz at 430 MHz and 100 MHz
for all the higher frequency observations. The time resolution of
the WAPP raw data was typically 128, 256 or 512 μs. The data
were analysed using the SIGPROC analysis package to get the average
folded proﬁles.
The data from the EPN archive were mostly obtained by GL98
using 76-m Lovell telescope at Jodrell Bank Observatory, except
B1039−19at4850MHz,whichwasobtainedbyKijaketal.(1997)
using Effelsberg Observatory. Generally, resolution of EPN data is
around 1◦, which is much lower than that of GMRT or AO data.
Our analysis followed these steps: (1) identiﬁcation of core com-
ponents in proﬁles. We have used several established methods for
discriminatingthecorecomponents:(i)quasi-centralityofthecom-
ponent ﬂanked by one or two pairs of conal components, (ii) as-
sociating the core component with the inﬂexion point of the PA
traverse and sense-reversing signature of circular polarization un-
der the core component (although the polarimetry was not always
available in our data); (2) identiﬁcation of conal pairs as leading
and trailing components, primarily based on symmetric location of
components on either side of the core one; (3) estimation of phase
shifts according to equation (5) and (4) estimation of the emission
heights according to equation (6). This simple procedure is not al-
ways straightforward in practice. There are cases when components
merge (especially as a function of the observing frequency) and
their positions are not clearly determined. In these cases, we de-
cided to use a Gaussian-ﬁtting method introduced by Kramer et al.
(1994). For consistency, we applied this method to all our proﬁles,
even those in which all components were clearly distinguishable.
The Gaussian-ﬁtting procedure was as follows: ﬁx Gaussian pa-
rameters of identiﬁable components (position, amplitude, width),
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Table 1. List of pulsars chosen for analysis. The AO and GMRT observations are new, whereas the EPN proﬁles have been taken from the data
archive http://www.mpifr-bonn.mpg.de/div/pulsar/data/.
Pulsar ν (MHz) Data source Pulsar ν (MHz) Data source Pulsar ν (MHz) Data source
B0402+61 225 GMRT B1541+09 225 GMRT B1911+13 325 GMRT
408 EPN 325 GMRT 445 AO
B0410+69 225 GMRT 457 AO 1225 AO
408 EPN 1225 AO B1916+14 445 AO
B0621−04 325 GMRT 2300 AO 1225 AO
410 EPN 4900 AO B1917+00 225 GMRT
610 EPN B1737+13 225 GMRT 325 GMRT
1408 EPN 445 AO B1944+17 225 GMRT
B0656+14 445 AO 457 AO 325 GMRT
B0950+08 455 AO 1225 AO B1946+35 2300 AO
B1039−19 225 GMRT B1738−08 225 GMRT B2002+31 1225 AO
325 GMRT 325 GMRT 2300 AO
1408 EPN B1821+05 225 GMRT B2020+28 445 AO
4850 EPN 445 AO B2053+21 445 AO
B1237+25 157 GMRT 1225 AO B2053+36 1225 AO
455 AO 1460 AO B2315+21 225 GMRT
1225 AO 2200 AO 1225 AO
2300 AO B1831−04 225 GMRT B2319+60 225 GMRT
3550 AO 325 GMRT 610 EPN
4900 AO 606 EPN 925 EPN
5050 AO B1839+09 2200 AO 1408 EPN
B1508+55 225 GMRT B1848+08 445 AO 1642 EPN
408 EPN B1857−26 225 GMRT
610 EPN B1859+03 1225 AO
925 EPN 2250 AO
1408 EPN
1642 EPN
put additional Gaussian with some initial parameters and allow the
ﬁtting method to ﬁnd the best position, amplitudes and widths. For
detailed information about Gaussian-ﬁtting method, see Kramer
et al. (1994). After applying this method to unresolved compo-
nents, we obtained a full and consistent set of component positions
to be used in further analysis.
5 RESULTS
Our preliminary data set was reduced to 23 pulsars, because it was
hard to perform a reasonable ﬁtting on ﬁve pulsars (B0950+08,
B1859+03, B1946+35, B2020+28, B2315+21) due to either low
S/N or problems with determining positions of core and/or conal
components, even using a Gaussian-ﬁtting method. The determined
positions of all components in a pulse proﬁle, using the already
mentioned Gaussian-ﬁtting procedure, were used for a further
analysis.
First, we estimate the phase shifts due to the A/R effect, and
ﬁnd the emission height rAR using equation (6). For calculating
the phase shifts using equation (5), we ﬁrst identify the leading
and trailing component of a cone of emission using the location of
the peak of the Gaussian-ﬁtted component as φl and φt [this pro-
ﬁle measure is often called as peak-to-peak component separation
(PPCS); see e.g. G&Ga and G&Gb, Dyks et al. 2004; Mitra &
Li 2004]. Correspondingly, we denote the phase shift as  φPPCS.
Wherever possible,  φPPCS was estimated for the inner and outer
cones separately.
To estimate errors of single-phase position measurements, we
used the formula introduced by Kijak & Gil (1997):
σ = τ ×

1 +

σI
I
2
, (7)
whereτ istheobservingresolution,σI istherootmeansquareofto-
tal intensity and I is the measured signal level. Since W estimations
need two measurements (left- and right-hand side of proﬁle at par-
ticularintensitylevel)and φ estimationsneedthreemeasurements
(φ0, φl and φt), we took
σW =

σ2
l + σ2
r (8)
σ φ =

σ2
φ0 + σ2
φl + σ2
φt (9)
as an error for W and  φ, respectively.
Thebestexampleofapulsarwhoseapparentcomponentsarevery
well reproduced by the Gaussian-ﬁtting method is PSR B1237+25
presented in Fig. 4 at a number of frequencies. All B1237+25
proﬁles are ﬁtted perfectly with ﬁve Gaussian components, be-
ing an ideal example of applicability of the Gaussian-ﬁtting tech-
nique used in this pulsar. This pulsar clearly shows the A/R ef-
fects at all frequencies consistently over the spectrum from about
5 to 0.16 GHz (see also Table A.5.2 in Section A.5 in the on-
line Appendix). The proﬁles are arranged in panels with ascend-
ing frequency. The original proﬁles are plotted with solid lines,
while the ﬁtted Gaussian components are drawn with dashed lines.
The proﬁles are aligned with respect to the peak of the central
Gaussian component identiﬁed as the core component. All the pro-
ﬁles of pulsar B1237+25 show a clear A/R shift. Srostlik & Rankin
(2005) have found that PA steepest gradient traverse lags the sign-
changing circular polarization zero-point by about 0. ◦4. However, if
one takes this value into account, B1237+25 still shows the A/R
shift.
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Figure 4. The proﬁle evolution and ﬁtted Gaussians of B1237+25 through
a number of frequencies. This is a good example of showing clear A/R
effects at all frequencies.
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Figure 5. Distribution of measured phase shifts  φPPCS. Note that a clear tendency for negative shifts is seen in the sample.
Ourmainresults,whichwillbediscussedlateron,showthecom-
monness of A/R effects in pulsar proﬁles. Within our sample of 23
pulsars, seven show clear A/R effects, 12 of them (doubtful cases)
show a clear tendency towards this effect, while the remaining four
are so-called counterexamples. When it comes to single  φ mea-
surements, we found that 45 measurements show negative shifts,
which is expected for A/R effects, 23 measurements are doubtful
withinuncertainties,whileremaining19showoppositeshifts.How-
ever, taking into account only the outer cones (where more than one
cone is seen) reveals that 30 shift measurements show A/R effects,
18 are doubtful cases, whereas 14 show no A/R effects at all. For
the majority of non-A/R cases, the problem lies mostly in misiden-
tifying core components. Some of the cases are partial cones, which
also make it difﬁcult to measure A/R shift properly. For a detailed
discussion of various issues regarding A/R calculations, see Sec-
tion 3. For a discussion of the results, see Section 6.
Note that all individual results are available in the form of ﬁgures
and detailed tables in the electronic form as an appendix to this
paper.
6 CONCLUSIONS AND DISCUSSION
Observationally, the peak of the core component lagging the centre
of the outer conal component has always been considered as evi-
dence for A/R effects operating in pulsars. Those effects have been
demonstrated in a few pulsars so far: PSR B0329+54 by Malov &
Suleimanova(1998)andG&Gabetween103MHzto10.5GHzand
PSRs B0450−18, B1237+25, B1821+05, B1857−26, B2045−16
and PSR B2111+46 at 325 MHz by G&Gb. In this work, our aim
wastoverifytheA/Reffectsforalargesampleofpulsars.Whileour
sample consists of 23 pulsars, we note that our analysis is aided by
using multifrequency measurements, where each frequency serves
as an independent data set. Hence, although our sample consists of
three pulsars common with G&Gb, the measurements are done at
different frequencies and can be treated as independent check for
their results. In our data set of 62 pulse proﬁles measured, the A/R
effects are clearly seen in 30 proﬁles. Fig. 5 shows the distribution
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of the measured phase shifts  φPPCS for our sample of pulsars (for
the data, see the Appendix). The tendency for the negative shift,
which is the signature for A/R effect, is clearly visible.
Out of the four counterexamples noted in our sample, the most
outstandingoneisPSRB1831−04(Fig.2).Wethinkthatthecentral
component in this pulsar might be incorrectly identiﬁed as the core
emission (as discussed in Section 3). The ﬂat PA traverse seems to
suggestthatthelineofsightisnotcuttingtheoverallbeamcentrally
(see another example of broad proﬁle pulsar B0826−34 discussed
by Gupta et al. 2004), so the core emission might be missing. If this
is the case then the central component could arise from grazing the
third innermost cone of emission, although its non-central location
is a concern in this model. However, if our hypothetical third cone
interpretation is incorrect, then B1831−04 remains the strongest
counterexample of A/R effects.
The three other counterexamples, B1738−08, B1848+04 and
B1859+03, show a marginal deviation from the A/R effects and
are probably also related to our inability of identifying the lo-
cation of the core component. In the ﬁrst case (B1738−08), the
core component is not apparent, although a blind Gaussian-ﬁtting
method indicates a central ‘core’ component (see Fig. A9 in the
online Appendix). The second pulsar (B1848+04) is again a typ-
ical example of a broad proﬁle pulsar (see Fig. A13 in the online
Appendix), where the core component is likely to be missed. The
third pulsar (B1859+03) (see Fig. A4 in the online Appendix) is
a clear example of a pulsar with missing component (in this case,
the trailing one). Therefore, we conclude that all the four cases
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Figure 6. Relation between the delay emission height rAR given by equation (6) and the semi-empirical geometrical height estimate rKG given by equation (4).
Note that statistically rKG > rAR as seen by the excess of points lying above the rAR = rKG line in the ﬁgure (see legend to distinguish different groups of
pulsars). See text for details.
of strong counterexamples reported are the result of misidentiﬁca-
tion of the core component. Sometimes, weak conal emission or
merged conal component leads to wrong identiﬁcation of the emis-
sioncomponents.Forexample,inPSRB1541+09theleadingconal
componentat1225and2330MHzisdifﬁculttomodel.Incaseslike
PSRB1944+17andB1737+13,theweakconalemissionposesdif-
ﬁculties in determining the location of the components. It is likely
that the same set of problems occur in the group of doubtful cases
(i.e. pulsars which show A/R effects at some frequencies but not in
others). This strengthens our general conclusions that A/R effects
are apparent in pulsar proﬁles.
In cases where A/R effects are seen between the core and conal
components in pulsars, it implies that the core emission necessarily
has to originate closer to the stellar surface than the conal emis-
sion (see e.g. G&Ga; Dyks et al. 2004). The delay emission heights
obtained by equation (6) are essentially the conal emission heights
with respect to the core emission. Alternatively, geometrical meth-
ods can be used to ﬁnd the conal emission height rKG as speciﬁed
by equation (4). A comparison between the conal emission heights
measured by these two methods is shown in Fig. 6. In this ﬁgure,
the clear A/R cases are marked with ﬁlled circles, doubtful cases
are marked with open circles and the so-called counterexamples
are marked with stars. Note that many of the negative rAR values
in Fig. 6 correspond to the counterexamples in our sample. This
plot can be compared to ﬁg. 29 of BCW, where a similar effect is
noted, although the delay heights there were measured from polar-
ization observations and they used log–log axes. It is noteworthy
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that statistically the relation rKG > rAR seems to hold well. There
are primarily two reasons that can explain this effect. First, the rAR
values can be underestimated if the putative core emission arises
from a deﬁnite height above the polar cap. In order to square the
two height estimates by making the cluster of points in Fig. 6 to
be located on the 45◦ line, a nominal average core emission height
of about 100 km is needed. Alternatively, the geometrical emission
height rKG might be overestimated, since the assumption prevailing
in estimating these heights is that the measured widths entail the
last open ﬁeld lines, i.e. s = 1 (see equation 2). If the parameter s
was around 0.7, the two height estimates would square with each
other. As discussed by Mitra & Li (2004), a careful and systematic
study of the relation of the core emission with respect to the PA
traverse might help to resolve this issue.
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